Assisted reproductive technology (ART) has achieved worldwide acceptance over the past 30 years (Sutcliffe and Ludwig 2007) . In some industrialized nations, one in 50 children is born following ART (Manipalviratn et al. 2009 ). Thus, continued evaluation and improvement of ART is critical to ensure that it remains safe and effective. In the 1980s, use of ART was widespread. The introduction of intracytoplasmic sperm injection (ICSI) (Palermo et al. 1992 ) enabled couples with severe male factor infertility such as oligozoospermia to achieve pregnancies. Additionally ICSI promised to improve the ART efficiency for couples with milder forms of male factor infertility. However, by the end of 2006, the pregnancy rate following ART remained at 20%, and the live birth rate was only 15% resulting in concerns regarding patient satisfaction (Manipalviratn et al. 2009 ).
Fertilization is the series of events uniting the male and female genomes into a single entity followed by the formation of the first mitotic spindle. ICSI, while a significant technological advance, only assists with passage of the sperm through the cumulus cells, through the zona and into the oocyte cytoplasm. ICSI does not, however, address defects either in the steps leading up to genome fusion or in the process of fertilization itself. These events have been termed post-ICSI events in fertilization (post-ICSI). While post-ICSI events are clearly significant to achieving a viable embryo, the mechanisms involved in post-ICSI are not well studied. Furthermore, it is unclear whether disorders of post-ICSI are involved in human sterility.
In this article, we review the current literature pertaining to human sperm centrosomal function and how centrosomal dysfunction relates to human sterility. We then address the challenges encountered in developing treatments for fertilization failure due to the sperm centrosomal dysfunction along with improved diagnostics.
Post-ICSI events in fertilization: role of the sperm centrosome in maternal and paternal genome fusion
It is unclear whether in vitro fertilization (IVF) is effective for infertility related to all fertilization disorders, as fertilization disorders in IVF have not been precisely defined. However, the occurrence of fertilization, itself, can be confirmed following IVF. Several interventions for IVF fertilization failure, including sperm manipulation, have been investigated (Yanagida et al. 1999; Murase et al. 2004; Tomashov-Matar et al. 2005; Nasr-Esfahani et al. 2008; Terada et al. 2009a ). However, most did not develop sufficiently well so as to gain acceptance into standard ART protocols.
Before treatments for fertilization disorders may be developed, the basic molecular mechanisms of fertilization must be understood. Several molecular mediators associated with sperm-oocyte fusion have been identified in laboratory animals (Ikawa et al. 2008) . Of these, only IZUMO appears essential as knockout of this gene in the mouse results in complete fertilization failure (Inoue et al. 2005) . We examined the expression of IZUMO in the sperm of infertile patients. In these patients, routine IVF was unsuccessful; however, fertilization was achieved with ICSI. IZUMO expression was measured in all cases and surprisingly, all expressed it. This underscores the complexity of the fertilization process and illustrates that fertilization failure is unlikely to be the result of a defect in a single factor (Hayasaka et al. 2007 ).
Since its introduction in 1992, ICSI has become a standard practice worldwide. It is effective in circumventing disorders of sperm-oocyte fusion, thereby enabling couples in which traditional IVF had failed to become pregnant (Palermo et al. 1992) . While ICSI has overcome some defects in fertilization, a number of patients still fail to achieve fertilization even with ICSI ( Fig. 1) . It is likely that the events downstream of sperm injection, the aforementioned post-ICSI, are responsible. Little is understood regarding post-ICSI events (Schatten et al. 1998; Terada et al. 2003; Terada 2007) . Cellular analysis in human zygotes clinically diagnosed as 'unfertilized' suggests that several of these zygotes actually arrested at a point in the "post-ICSI events in fertilization" (Rawe et al. 2000; Kovacic and Vlaisavljevic 2000) .
The human sperm must perform three vital functions after entering the oocyte. It contributes the male genome, awakens the quiescent oocyte, and crystallizes the motility apparatus that unites the sperm and oocyte nuclei (Schatten 1994; Simerly et al. 1995; van Blerkom et al. 1995) . The sperm carries both mitochondria and microRNA into the oocyte; however, the role of these in the zygote is unknown (Yan et al. 2008) . It is clear that the sperm serves a vital role beyond being a carrier of genetic information. It is defects in these critical downstream functions which cannot be compensated for with ICSI.
The events following entry of the sperm into the oocyte have been addressed in several studies. In an excellent kinetic study using time-lapse cinematography, Mio and colleagues have described the various phenomena occurring within the fertilized human oocyte (Mio and Maeda 2008) . One longstanding question regarding the process is whether a fertilization cone is formed (Tsuiki et al. 1986 ). Indeed, it has now been shown that following fertilization, dynamic movement of male and female pronuclei towards the center of egg has been shown (Tsuiki et al. 1986 ).
The microtubule-based system is a cytoskeletal structure that is critical to the movement of the male and female genomes (Schatten 1994) . Microtubules are polar structures, one end of which is embedded in and stabilized by the microtubule-organizing center (MTOC). In the majority of animal cells, the MTOC is the centrosome, which consists of a pair of centrioles surrounded by fibrous and/or amorphous pericentriolar material (PCM). The centrosome is important in stabilizing cell movement, establishing cell polarity, and regulating the cell cycle (Voribjev and Chenstov 1982) . The microtubule nucleating activity of MTOCs requires the presence of γ -tubulin, which is mainly associated with PCM (Simerly et al. 1999) .
In most species, with the exception of rodents, the centrosome is provided by the sperm, and it forms a monopolar array of microtubules known as the sperm aster (Sathananthan et al. 1997) . The sperm aster is essential for pronuclear movement for the union of the male and female genomes. Supernumerary centrosomes account for the lethality of polyspermy (Asch et al. 1995) .
Microtubule organization in human fertilization has been documented by Simerly and colleagues (Simerly et al. 1999) . In human fertilization, shortly after sperm entry, astral microtubules assemble around a sperm head to form the "sperm aster", as the inseminated oocytes complete the second meiotic division and extrude the second polar body. As the male pronucleus continues to decondense in the cytoplasm, the microtubule sperm aster enlarges, enveloping the male pronucleus. This organization of microtubules from the sperm centrosome is essential for the movement and fusion of the male and female pronuclei. Following syngamy, the sperm centrosome replicates and splits, and organizes the bipolar array that forms the mitotic spindle required for cleavage. These sperm centrosomal functions are also critical in the "motility" of the post ICSI events in fertilization (Palermo et al. 1997) .
In rodents, the paternal centrosome degenerates during spermiogenesis (Manandhar et al. 2005) , and microtubules assemble in association with the maternal pericentriolar material. The maternal centrosomes remain dispersed as the cytoplasmic MTOCs due to the absence of centrioles, and form multiple asters during the pronuclear stage. These cytoplasmic asters are attracted to the surfaces of both the male and female pronuclei and are involved in pronuclear movement (Schatten et al. 1985) . This illustrates that the pattern of centrosome inheritance during fertilization is species specific.
Abnormal microtubule organization in human zygotes, which are clinically diagnosed as "unfertilized," suggests that centrosomal function contributes to fertilization failures after proper sperm entry (Rawe et al. 2000; Kovacic and Vlaisavljevic 2000) . Additionally, the function of the zygotic centrosome varies among bulls during IVF and this variation affects male fertility (Navara et al. 1996) . These reports suggest that sperm centrosomal function might affect fertility in human reproduction and that an appropriate assay to examine centrosomal inheritance and function would benefit ART. Therefore, proper function of the human sperm centrosome is thought to be essential for human fertility. The direct assessment of human centrosome function, however, has proven to be challenging (Terada et al. 2003) . Schatten et al. have shown that calcium oscillations during oocyte activation trigger the release of the tail microtubule from the basal body by centrin-induced cleavage. Subsequently, the sperm centrosome is then phosphorylated, while the disulfide bonds are simultaneously reduced (Schatten 1994) . The sperm centrosome then binds additional γ -tubulin derived from the oocyte cytoplasm, forming a centriole. The resulting halo of γ -tubulin nucleates the microtubules, which assemble into the sperm aster. The microtubule nucleating activity of MTOCs requires the presence of γ -tubulin. While both parents contribute γ -tubulin, inheritance is preferentially maternal. Recruitment of maternal γ -tubulin to the sperm centrosome occurs after sperm incorporation in vivo. It may also be triggered in vitro following exposure to a Xenopus laevis cell-free extract, particularly after sperm "priming" induced by disulfide bond reduction (Simerly et al. 1999) . Other proteins may also be involved in microtubule nucleation. Centrin, a ubiquitous calcium-sensitive, biparentally contributed, centrosomal component, severs axonemal microtubules from their associated basal bodies, potentially functioning in centrosome duplication. Centrin abnormalities may lead to fertilization failure or incomplete embryonic development (Salisbury 1995; Schiebel and Bornens 1995; Levy et al. 1996) . Pronuclear migration and apposition require cytoplasmic dynein, a microtubule-based motor protein, and the cofactor dynactin. Together, these establish the directionality of female pronuclear movement and the dynamics of its motion along the sperm aster microtubules (Payne et al. 2003) .
Fertilization failures after ICSI
Cytological analyses of oocytes are one way to assess which processes are arrested in the case of fertilization failure following ICSI. For example, the status of the second polar body provides some insight into why fertilization has not occurred. Assessment of the polar body, however, is not currently used clinically. In most ART protocols oocytes are usually cultured for several days following ICSI. When oocytes are finally deemed unfertilized, many no longer have the structural integrity to withstand the fixing process. While some centers do describe incorporating a cytological analysis into ART protocols (Rawe et al. 2000; Kovacic and Vlaisavljevic 2000; Ramalho-Santos et al. 2004 ), acceptance has not been widespread (Terada 2007) . Kovacic and Vlaisavljevic (2000) and Rawe et al. (2000) have shown that half of the oocytes that fail to fertilize following ICSI demonstrate disorders of activation. Another cause of arrest that may be considered is failure of the injection itself. Approximately 20% of activated oocytes show abnormalities in other processes beyond activation, including microtubule dynamics (Rawe et al. 2000 (Rawe et al. , 2002b . Among them, about 20% of oocytes show pronuclear formation but lack subsequent pronuclear movement, and fail to form the sperm aster. These cases are assumed to have a functional problem with the sperm centrosome. The analysis of oocytes arrested following fertilization is challenging; however, as illustrated by Rawe et al. cytological analyses may provide valuable insight into the causes of fertilization failure (Rawe et al. 2002a; Rawe and Chemes 2009) .
We have reported a case that required eight cycles of ICSI prior to achieving successful fertilization. Those oocytes, which were not fertilized following ICSI, were fixed and analyzed with respect to their nuclear phase and microtubule organization (Fig. 1) . Among the twelve oocytes examined, two (16.7%) showed pronuclear formation; however, the sperm aster was not observed (Terada et al. 2009a ). While not a universal finding, it is possible to identify those oocytes that fail to fertilize secondary to sperm aster dysplasia and sperm centrosomal dysfunction.
Development of a functional assay for the human sperm centrosome
Recently, a number of novel methods have been reported to examine sperm centrosomal function using a heterologous ICSI system in which human sperm is microinjected into either a rabbit or bovine oocyte (Nakamura et al. 2001; Terada et al. 2002 Terada et al. , 2004a . After human sperm incorporation into a rabbit or bovine oocyte, we have observed that the sperm aster is organized from the sperm centrosome, and the sperm aster is enlarged as the sperm nucleus undergoes pronuclear formation (Fig. 2) . The human sperm aster formation rate at 6 h post-ICSI is 36.1% in rabbit oocyte and 60.0% in bovine oocyte (Terada et al. 2000; Terada et al. 2004b ). The microtubule organization in these systems is derived from the paternal centrosome during fertilization, and mimics that seen in normal human fertilization Yellera-Fernandez et al. 1992; Navara et al. 1994) . In 2004, we reported human sperm aster formation rates in rabbit oocytes after heterologous microinjection, using sperm from infertile men. In Human oocytes, judged to be unfertilized 30-48h after ICSI, were fixed and stained in order to visualize the DNA and microtubules with immunofluorescent microscopy. A: Technical ICSI failure: The sperm nucleus is present outside of the cytoplasmic membrane (asterisk), probably due to a failed injection. The oocyte contains an intact M2 meiotic spindle. B: Activation failure (1): The sperm nucleus is slightly decondensed (asterisk) and the oocyte contains an intact M2 meiotic spindle within its cytoplasm. C: Activation failure (2) Premature condensation of chromosomes (PCC): The sperm centrosome organizes a spindle only around the male genome. The oocyte's chromosomal arrangement is unaffected. D: Oocytes arrested by sperm centrosomal dysfunction: The oocyte has been activated, forming two pronuclei; however, the pronuclear centration was arrested without the formation of the radial array of microtubules from the sperm centrosome (sperm aster). This is a characteristic feature of the fertilization arrest that is caused by sperm centrosomal dysfunction. A: Human sperm was microinjected into matured bovine oocyte with a Piezo-micromanipulator. 6 h after microinjection, oocytes were fixed and the DNA configuration and microtubule organization assessed. 60-70% of fertile human sperm will organize a radial array of microtubules from the sperm centrosome (sperm aster). B: Absence of human sperm asters 6 h after microinjection. (DNA: blue; microtubules: green) [Original data, Terada, Y., Hasegawa, H., and Yaegashi, N.] rabbit oocytes, human sperm aster formation rates correlate with cleavage rates, but do not reflect the rate of pronuclear formation in clinical IVF (Terada et al. 2004a) . We have also assessed the centrosomal function of sperm from infertile patients by heterologous injection into bovine oocytes. Human sperm aster formation rates assessed by bovine oocytes are independent from clinical semen characteristics and pronuclear formation rates on clinical IVF. However, significant differences in sperm aster formation rates are correlated with the embryonic cleavage rates and pregnancy after clinical ART (Yoshimoto-Kakoi et al. 2008 ). These results indicate that centrosomal function contributes to the fertilization process downstream from pronuclear formation. Furthermore, these studies touch on the importance of human sperm centrosomal dysfunction in infertility. Globozoospermia is one type of teratospermia. Globozoospermia is defined by the presence of sperm with round heads that lack the acrosome and acrosomal enzymes and have a disorganized mid-piece (Singh 1992) . The roundheaded sperm cannot penetrate the oocyte zona pellucida and is therefore incapable of fertilization (Rybouchkin et al. 1996 (Rybouchkin et al. , 1997 . We assessed sperm centrosomal function in round-headed sperm following heterologous ICSI, using bovine oocytes. The rate of sperm aster formation in the oocytes injected with round-headed sperm was 15.8% and was significantly lower than the rate of aster formation in the oocytes injected with fertile donor sperm (Table 1) . Ethanol activation improved the rate of male pronuclear formation to 84.9% in oocytes injected with the roundheaded sperm. However, a corresponding increase in sperm aster formation (32.3%) was not seen following ethanol activation . These results suggest that sperm centrosomal function is independent of a sperm's ability to activate the oocyte (Dam et al. 2007 ). Dysplasia of the fibrous sheath (DFS), a rare form of teratospermia, results in infertility. DFS sperm, which are immotile due to deformities from the mid-piece to tail (Chemes et al. 1987) , also exhibit sperm centrosomal dysfunction. Both of these abnormalities may be causes of infertility. These defects often cannot be overcome with ICSI. The human sperm aster formation rate in bovine oocytes injected with DFS sperm is less than 20% (Rawe et al. 2002b , Table 1 ).
The above observations suggest that the sperm from men with congenital teratospermia have centrosomal dysfunction (Fig. 3, Table 1 ). The cause of centrosomal dysfunction in this setting is uncertain; however, the morphological anomalies in the mid-piece of the sperm may play a role (Chemes and Rawe 2002a) . Using immunofluorescent (Salisbury 1995) , a functional centrosomal protein in normal and DFS sperm. Centrin is expressed in 100% of normal sperm in the mid-piece. In contrast, only 2% of DFS sperm express it at the mid-piece ). These observations imply that defects in centrosome function may be the result of structural and functional problems within the sperm. Currently, protocols for ART do not include an assessment of sperm centrosomal dysfunction. It is becoming clear that this is one area in which interventions may be targeted in order to overcome at least some cases of post-ICSI fertilization failure.
How to treat infertility resulting from sperm centrosomal dysfunction
As previously discussed, sperm centrosome dysfunction has been identified as the cause of infertility in some cases with IVF fertilization failure (Terada et al. 2003) . The confirmation of a sperm aster within the oocyte is technically challenging. Therefore, the prevalence of sperm centrosomal dysfunction has not been established in patients undergoing IVF for infertility. Regardless, treating centrosome dysfunction will likely result in an increase in the efficiency of ART (Terada et al. 2003; Terada 2007) . The following two challenges can be candidates for treatment against sperm centrosomal dysfunction. The first candidate is to restore the intrinsic sperm centrosomal function via chemical treatment. The other employs the transplantation of an isolated normal sperm centrosome (Mitchison and Kirschner 1984; Picard et al. 1987) . Nakamura et al. (2005) describe the chemical treatment of DFS sperm as an approach to restore centrosomal function. Human sperm have disulfide bonds within the head and pericentriolar regions (Seligman et al. 1994; Simerly et al. 1999; Tateno and Kamiguchi 1999) . Dithiothreitol (DTT), which induces the reduction of disulfide bonds, is effective for unraveling the sperm centrosome. Paclitaxel (Taxol™), which acts as a cytoskeleton stabilizer, is frequently used for studying cytoskeletal dynamics (Hewitson et al. 1997; Mailhes et al. 1999) . Paclitaxel enhances microtubule polymerization within the oocyte cytoplasm. We attempted to restore the sperm centrosome function of aster formation, which extremely occur only at a low rate in patients with DFS. The combination of DTT and paclitaxel, while sufficient to induce microtubule organization in dead sperm from a fertile donor following heterologous ICSI, was not effective for DFS sperm.
These results indicate that sperm centrosomal function may be induced by the treatment of sperm with DTT before ICSI and of oocytes with paclitaxel after ICSI. DFS sperm, however, likely exhibit too severe a dysfunction of the sperm centrosome corrected by this chemical manipulation .
Microtubule organization during oocyte cleavage without a sperm centrosome
Parthenogenesis is an extraordinary process in which the activated oocyte initiates full development, resulting in a sexually mature adult without a paternal contribution. Examination of microtubule organization during parthenogenesis illustrates how the oocyte develops a functional MTOC. In some non-rodent mammals, such as cows Shin and Kim 2003) , rabbits (PintoCorreia et al. 1993) , pigs (Kim et al. 1996) , and marsupials (Breed et al. 1994) , parthenotes exhibit disarrayed microtubules in the cytoplasm shortly after artificial activation. This suggests that these mammalian oocytes are able to form a functional centrosome without contributions from the sperm. However, a role for the maternal centrosome in microtubule organization and pronuclear movement has not been fully elucidated. Comparing the mitotic events that occur when the sperm centrosome is present with division when it is absent, elucidates the functional relationship between the sperm centrosome and the oocyte MTOC. Understanding this functional relationship will facilitate the treatment of centrosome dysfunction.
We have previously detailed the dynamics of microtubules and the distribution of γ -tubulin, a major component of the maternal centrosome, during the first interphase of bovine parthenogenesis . In chemically activated bovine parthenotes treated with paclitaxel, cytoplasmic microtubule asters become organized and microtubules dynamically radiate towards the female pronucleus. In bovine oocytes, microtubule patterns correlate well with pronuclear movement to the cell center. Microtubules aggregate at regions of high γ -tubulin concentration, which are not present until the first interphase of bovine parthenogenesis. These findings indicate that γ -tubulin is responsible for microtubule organization as the maternal centrosome in bovine parthenogenesis. Our results support the theory that the maternal centrosome has the ability to fulfill a role as a functional centrosome, despite its impairment in the nucleation of microtubules and a lack of ability to self-replicate or form spindle poles without sperm centrosomal contributions (Fig. 4) .
Centrosomal inheritance during rabbit fertilization is thought to be biparental (Terada et al. 2000) . However, the specific roles of the paternal and maternal centrosome have not been elucidated until recently (Longo 1976; PintoCorreia et al. 1994; Wu and Palazzo 1999) . To define the role of the sperm centrosome in rabbit fertilization, paternal centrosome dysfunction model was examined. The sperm centrosome was first removed by sonication from the sperm nucleus. ICSI was then performed either with an isolated sperm head or with an intact sperm, and microtubule organization examined. No sperm aster formation was seen in the oocytes following injection with an isolated sperm head, and microtubule organization without a distinct nucleation site between the male and female pronuclei was observed.
In contrast, sperm aster formation was observed in oocytes following ICSI with an intact sperm. The first mitotic spindle was organized after ICSI with the isolated sperm head, as observed in oocytes with an intact sperm . These findings indicate that the MTOC exists in the oocyte cytoplasm. The oocyte MTOC is sufficient to complete the microtubule organization that is essential for genomic union and formation of the first mitotic spindle. In addition, since aster formation was seen following ICSI with an intact sperm, the maternal centrosome seemed to fulfill the paternal sperm centrosome's function when the sperm centrosome was absent. These studies have shown that a functional centrosome or MTOC is present in the oocytes of some mammals; however, when a sperm aster is formed by normal fertilization, a corresponding cytaster derived from the oocyte MTOC is not observed. Regardless, understanding the role of the oocyte MTOC will likely also be useful in the development of interventions targeting sperm centrosomal dysfunction.
While much has been learned from the study of animal models of fertilization, we have also studied microtubule organization during human parthenogenesis. Human oocytes were obtained from therapeutic laparoscopic ovarian drilling in infertile, polycystic ovarian syndrome patients and matured in vitro (Cavilla et al. 2008) . Mature human oocytes were activated with 5 µ M ionomycin for 5 min and then incubated with 2 mM 6-dimethylamino purine (6-DMAP) (Paffoni et al. 2007) . Two hours post activation, multiple microtubule asters (cytasters) were observed in the oocyte cytoplasm. Six hours after activation, microtubules without a distinct nucleation site were organized around a pronucleus that was moving to the oocyte center. Twelve hours after activation, the first mitotic spindle was organized in the human parthenote (Fig. 5 ). These observations indicate that multiple MTOC, which function in a manner similar to a sperm centrosome, are present in the human oocyte cytoplasm during parthenogenesis (Terada et al. 2009b) .
Functional relationships of the sperm centrosome
Injection of a normal sperm centrosome at the time of ICSI may compensate for infertility caused by centrosome dysfunction. Indeed, this novel strategy has been explored and been shown to be effective both in terms of centrosome isolation (Mitchison and Kirschner 1984) and transplantation (Picard et al. 1987) . One important factor to consider in transplanting centrosomes is the interaction between the defective and the normal transplanted centrosome. As discussed previously, the oocyte cytoplasm functions as a MTOC when the sperm centrosome is absent Terada et al. 2009b ). This process is suppressed when the sperm centrosome is functioning normally Nakamura et al. 2001) . Generally, cells will not tolerate multiple active centrosomes because they induce multipolar spindles (Brinkley and Goepfert 1998) . Fertilization in Spisula solidissimia oocytes results in cells with three active centrosomes, two maternal and one paternal, but the function of the paternal centrosome is selectively shut off, possibly because the embryos can identify and Several microtubule asters have formed in the cortical region of the cytoplasm in the early pronuclear period (Fig. 4A) . At this stage, microtubules radiate from each focus toward the female pronucleus, connecting through a microtubule network (Fig. 4B) . At the late pronuclear stage, microtubules extend from each focus to fill the cytoplasm, aggregating around the female pronucleus (Fig. 4C) . The formation of a mesh-like network of disarrayed microtubules is similar to that seen in untreated oocytes (Fig. 4D) . Microtubule asters are only observed in half of the parthenotes 2 h after activation.
[Reproduced with midifications from Morito et al. (2005) : Biol. Reprod. 73, 935-942, 2005.] control the function of the centrosomes (Wu and Palazzo 1999) . These reports suggest that a functional relationship between centrosomes exists. If a normally functioning centrosome is simultaneously present with an abnormal centrosome, the potential for interaction exists and must be considered (paternal vs. maternal, paternal vs. paternal). In nature, fertilization occasionally does occur with multiple sperm penetrating the oocyte cytoplasm resulting in polyspermy. However, while polyspermy has been studied, until recently it has been unclear what interactions occur, when an oocyte is fertilized with multiple sperm (Asch et al. 1995; Iwao et al. 1997; Suzuki et al. 2003) . We examined the sperm aster formation after injecting multiple human sperm into a bovine oocyte. If paternal centrosomes function independently of one another, transplantation of a normal centrosome is a viable option for treating centrosomal dysfunction. We examined sperm aster formation after heterologous ICSI with multiple human sperm into a bovine oocyte (Terada et al. 2009c ). When two fertile human sperm were simultaneously microinjected into different regions of the same bovine oocyte cytoplasm, no difference in sperm aster formation rate was observed compared to cases in which a single sperm was injected. Two human sperm were also microinjected into bovine oocyte 30, 60 or 120 min apart from one another, and again no difference in sperm aster formation rates was observed. Among oocytes in which one sperm aster was organized, there was no bias towards the sperm that was injected first or second. These findings indicate that when multiple human sperm are present in a single oocyte cytoplasm, each centrosome can function without being influenced by the other. Therefore, centrosome transplantation is one potential treatment for centrosomal dysfunction (Fig. 6) .
Strategy for the selection of the sperm with normal centrosomal function
In this report we have addressed infertility related to sperm centrosome dysfunction and have explored possible treatment strategies. However, all currently proposed interventions depend on complicated gamete manipulations Terada et al. 2009a) , the safety and efficacy of which are not known. Further studies are needed to refine and standardize these techniques prior to their incorporation into standard ART protocols. We have previously reported a case of infertility resulting from poor sperm centrosomal function due to Globozoospermia and DFS (Rawe et al. 2002b ). Both of these disorders have a morphological anomaly in the sperm mid-piece. These findings suggest that a morphologically abnormal sperm mid-piece is related to abnormal centrosomal function. As of now, however, no reports have examined the mid-piece in detail, likely because this region is difficult to visualize using normal magnification microscopy. Microinjection with a motile sperm strictly selected by high-power (6,000×) magnification microscopy, or intracytoplasmic morphologically selected sperm injection (IMSI), improves pregnancy rates in couples with repeated ICSI failure (Bartoov et al. 2002 (Bartoov et al. , 2003 . IMSI also improves pregnancy outcomes over classic IVF-ICSI. Current reports examining IMSI focus on the selection of sperm based on head morphology (Berkovitz et al. 2005 (Berkovitz et al. , 2006 . We have focused on the shape of the sperm mid-piece, which contains the sperm centrosome. We examined sperm aster formation after injecting human sperm into bovine oocytes following selection by high magnification microscopy. High magnification microscopy permitted us to clearly identify small differences in mid-piece morphology (Fig. 7) . We propose that it is possible to exclude these sperm with poor sperm centrosomal function with the aid of high magnification microscopy. The selection of sperm with straight midpieces may contribute to improved sperm aster formation. (Ugajin et al. 2010) 
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